In isolated barley chloroplasts, the presence of 2 millimolar ZnS04 inhibits the electron transport activity of photosystem II, as measured by photoreduction of dichlorophenolindophenol, 02 evolution, and chlorophyll a fluorescence. The 
when they are present in the environment at toxic levels.
Zn is an essential micronutrient and is required as prosthetic group for many enzymes (10). Zn accumulates to a toxic level in H20 and soil through various emission sources, such as mines and smelters (5) . It has been shown that Zn inhibits growth and dry matter production in barley (1) . It is also preferentially accumulated by green algal blooms in waste water (14) . Recently, Davies and Sleep (8) reported that Zn, even at a relatively low concentration, inhibits CO2 fixation in marine phytoplanktons. However, there is no report on the nature of inhibition of photosynthesis by Zn.
The work presented here aims at characterizing the mode of inhibition of photosynthesis by Zn salts in isolated barley chloroplasts. The results show that Zn, when present in moderately high concentrations, limits electron transport at the oxidizing (H20-splitting) side of PSII. Zn toxicity, therefore, appears to 'This work was supported by Department of Science and Technology Grant 8(1) SERC/78 (to P.M.) and a University Grants Commission fellowship (to B.C.T.).
interfere with the primary photoelectron transport activities of chloroplasts.
MATERIALS AND METHODS
Plant Material. Barley (Hordeum vulgare L. cv. lB 65) plants were grown on Petri plates fitted with H20-soaked filter sheets at 25 C, under continuous illumination. Fully expanded leaves of 11-to 13-day-old healthy seedlings were selected for isolation of chloroplasts.
Chloroplast Isolation. Chloroplasts were isolated from barley leaves by homogenizing in a grinding medium consisting of 0.5 M sucrose, 10 mM NaCl, and 20 mm Hepes NaOH buffer (pH 7.6 ).
The same grinding medium was also used for suspending chloroplasts. Chl was determined according to Arnon (2) .
Assays of Chloroplast Reactions. The electron transport activities of chloroplasts were determined by three basic assays. First, electron transport through PSII was determined by photoreduction of DCIP measured spectrophotometrically and the DCIPsupported 02 evolution monitored polarographically. For the spectrophotometric assay, 3 ml assay medium consisted of 50 mm Hepes NaOH buffer (pH 7.0), 10 mm NaCl, 2 mM MgCl2, 30 tiM DCIP. Chloroplasts were added to the above reaction mixture at a concentration of 15 ug Chl/ml. DCIP-supported 02 evolution was measured polarographically by YSI model 53 Clark-type 02 electrode connected to a recorder. The 3-ml reaction mixture for 02 evolution consisted of 3 iM MgCl2, 10 mm NaCl, 400 tIM DCIP, and 50 mm Hepes-NaOH buffer (pH 7.0). Chloroplasts were added to the above reaction mixture to a final concentration of 100 ,tg Chl. The assay mixture was irradiated with saturating white light (1.0 cal/cm2-min) that had been filtered through 1O cm of H20.
In the second type of assay, the electron transport through the whole chain of photosynthesis, i.e. from H20 to MV was measured polarographically as 02 uptake. Assay medium, 3 ml, contained 50 mM Hepes, 10 mM NaCl, 2 mM NH4CI, 3 mM MgCl2, 1.0 mM sodium azide, and 0.5 mm MV adjusted at pH 7.5. Chl was added to the above reaction mixture to a final concentration of 100 ,ug.
The light intensity used for irradiation was as above.
In the third type of assay, the electron transport through PSI was also measured polarographically as above except that reduced DCIP was used as the electron donor. Assay conditions were identical to these of whole chain assay except that 10 /LM DCMU, I mm sodium ascorbate, and 100 ,.M DCIP were added to the above reaction mixture.
Chi a Fluorescence Measurement. Chl a fluorescence intensity and emission spectra were measured at room temperature (24 C). 
RESULTS
Whole Chain Electron Transports. The entire electron transport chain activity of barley chloroplasts incubated with various concentrations of ZnSO4 has been assayed and the degree ofinhibition with the time of incubation with ZnSO4 has been measured. Figure 1 shows the effect of Zn treatment on the whole chain electron transport system as measured by photoreduction of MV with H20 as electron donor. MV photoreduction-associated 02 uptake was significantly inhibited by treatment of barley chloroplasts with low concentrations (0.5-1 mM) of ZnSO4; the degree of inhibition increased with time of incubation. At relatively high concentrations (3 mM) of ZnSO4, the extent of inhibition was fully expressed after only 5 (12, 21) . The DCIP-supported 02 evolution exhibited an extent and time course of inhibition similar to that of whole chain electron transport (H20 -. MV) ( PSII lowers the Chl a fluorescence yield, whereas a block on the acceptor side increases the fluorescence yield (6) . Figure 4 shows that incubation of chloroplasts with ZnSO4 lowers the steady-state level of Chl a fluorescence intensity measured at 686 nm (F,86). Treatment of chloroplasts with 3 mm ZnSO4 brought about an approximately 60 to 65% lowering of Chl a fluorescence intensity. Although the steady-state fluorescence (Fmax) level was measured it is believed that this decrease of Chl a fluorescence was due mostly to the loss of variable fluorescence and not the constant background, the so-called Fo level. Figure 4 shows that 40% of the total fluorescence remained unquenched even after a long period (30 min) of incubation with Zn. The lowering of Chl a fluorescence, therefore, seems to be due to a block of electron flow from the donor side of PSII. Subsequent addition of DCMU to Zn-treated chloroplasts brought about only a slight increase in fluorescence intensity.
The effect of exogenous electron donors, like DPC, MnCl2, and NH2OH, on the steady-state fluorescence level of Zn-treated chloroplasts has also been studied. The addition of either MnCl2 or DPC slightly relieved the lowering of Chl a fluorescence by Zn, whereas NH20H almost completely restored the Chl a fluorescence intensity (Fig. 5) .
Effect of Washing Zn-treated Chloroplasts. To ascertain if Zn inhibition of photoelectron transport in barley chloroplasts was reversible, the Zn-treated chloroplasts were washed. Zn incubation was carried out both in light and dark for 30 min and then the chloroplasts were washed with isolation buffer and their activity was measured for 02 evolution with DCIP as an electron acceptor. Figure 6 shows that, at a low concentration (I mM) of ZnSO4, washing treated chloroplasts relieved the Zn inhibition to an appreciable level (76%), whereas at a high concentration (3 mM) of Zn salts, the degree of alleviation of PSII activity by washing decreased considerably. Addition of MnCl2 to unwashed or washed chloroplasts did not further enhance the PSII activity.
DISCUSSION
The data presented here clearly show that ZnSO4 or ZnCl2 inhibits DCIP-supported Hill reaction which is mediated by PSII.
A possibility to be examined is that Zn2+ accepts electrons from PSII prior to the coupling site of DCIP since a similar observation in relation to Hg2' has been reported previously (18) , where Hg2+ is shown to accept electrons from PSII prior to accepting electrons from DCIP. The similar extents of inhibition of 02 evolution, as well as the photoreduction of DCIP by Zn2+, indicate that Zn2+ actually inhibits electron transport through PSII (Fig. 3) . Zn2+ inhibited electron flow from H20 through both photosystems to MV (Fig. 1) . On the other hand, if electron flow is only through PSI, such as from reduced DCIP to MV, then there is no inhibition of PSI activity with a low concentration of ZnSO4. However, at Zn concentrations greater than 5 mm, the PSI activity is also partially affected (Fig. 2) . As shown by several workers, hydroxylamine donates electrons very close to the primary electron donor to the PSII reaction center, DPC donates at a distant site, and MnCl2 donates at a site still farther from the reaction center of PSII (I 1, 12). As shown in Tables I and II, hydroxylamine (14) . The observations presented here show that the steady-state fluorescence level was reduced in the presence of 2 mM ZnSO4 or an equimolar amount of ZnCl2 (Fig. 4) , whereas 5 mM K2SO4 had no influence on fluorescence intensity (data not shown). This suggests that So42-has no effect on chloroplast fluorescence at the above concentration.
The extent of restoration of fluorescence intensity by hydroxylamine was high (90%), whereas DPC and MnCl2 were able to restore the fluorescence intensity partially (Fig. 5 ). This confirms that Zn limits electron transport from H20 to PSII prior to the hydroxylamine donating site. This suggests that DPC and MnCl2 donating sites are further from the reaction center II than the NH20H donating site. A similar observation was made by Honeycutt and Krogmann (11) who have shown that inhibition of PSII activity by phenylmercuric acetate is overcome by NH20H but not by DPC or MnCl2.
Haberman (9) has observed that the exogenous Mn2+ reduced the degrees of inhibition of several types of chloroplast-mediated reaction by Cu2+. However, in the investigation here, the Chl a fluorescence level and DCIP-supported Hill reaction are not fully restored after addition of MnCl2 to the Zn-treated chloroplast. Also, the inability of MnCl2 to enhance further the 02-evolving activity of Zn-treated and washed chloroplasts (Fig. 6) indicates that the Zn2+ inhibition of chloroplast function may not be due to loss of chloroplast Mn2' and inactivation or loss of Mn-containing, H20-splitting enzyme.
Cedeno-Maldonado et al. (7) have reported a higher degree of inhibition of 02 evolution when chloroplasts are incubated with Cu2+ in light than when incubated in darkness. It has also been reported that Cu2' does not cause any damage to the photosynthetic apparatus of whole algal cells, unless the cells are illuminated during the entire exposure period (22). However, in the investigation here, Zn2+ did not cause enhanced extent of inhibition of 02 evolution when incubation was carried out in light.
In contrast to the washing of Hg2+-treated chloroplasts (15), washing of chloroplasts treated with 1 mm ZnSO4 for 30 min restored the 02-evolving activity by 76% (Fig. 6 ). Izawa It is concluded that Zn2+ blocks electron transport at the oxidizing side of PSII, at a site prior to the site of electron donation by hydroxylamine and DPC to the PSII reaction center (Fig. 7) . Zn also inhibits PSI reaction at a high concentration. 
